Inflammatory chronic pathologies are complex processes characterized by an imbalance between the resolution of the inflammatory phase and the establishment of tissue repair. The main players in these inflammatory pathologies are bone marrow derived monocytes (BMDMs). However, how monocyte differentiation is modulated to give rise to specific macrophage subpopulations (M1 or M2) that may either maintain the chronic inflammatory process or lead to wound healing is still unclear. Considering that inhibitors of Histone Deacetylase (HDAC) have an anti-inflammatory activity, we asked whether this enzyme would play a role on monocyte differentiation into M1 or M2 phenotype and in the cell shape transition that follows. We then induced murine bone marrow progenitors into monocyte/ macrophage differentiation pathway using media containing GM-CSF and the HDAC blocker, Trichostatin A (TSA). We found that the pharmacological inhibition of HDAC activity led to a shape transition from the typical macrophage pancake-like shape into an elongated morphology, which was correlated to a mixed M1/M2 profile of cytokine and chemokine secretion. Our results present, for the first time, that HDAC activity acts as a regulator of macrophage differentiation in the absence of lymphocyte stimuli. We propose that HDAC activity down regulates macrophage plasticity favoring the pro-inflammatory phenotype.
Introduction
Inflammatory chronic pathologies such as arthritis and Crohn's disease are complex processes characterized by an imbalance between the resolution of the inflammatory phase and the establishment of tissue repair. The main players in these inflammatory pathologies are bone marrow derived monocytes (BMDMs). BMDMs are continuously recruited to the inflammatory sites, where they proliferate and differentiate into macrophages, which then participate in the progression of wound healing [1] .
During monocyte generation, the expression of the key transcription factor Pu.1, in progenitor hematopoietic cells, is associated to monocyte-commitment and responsiveness to GM-CSF (Granulocyte/Macrophage-Colony Stimulating Factor). This interaction triggers a sequence of events where the progenitor cell first differentiates into a monocyte, and then into an M1 inflammatory macrophage [2, 3, 4, 5, 6] .
Histone Deacetylases (HDACs) are enzymes classically described as belonging to four different families, depending on their cellular location and HDAC inhibitor (HDACi) sensitivity [7] . HDACs are crucial chromatin remodelers that act by controlling the acetylation levels of nucleossomal histones, leading to transcriptional repression [8] , which have been implicated in key physiological pathways [9] , embryonic development [10] and regeneration [11] . It has been shown that HDAC activity is crucial for the pro-inflammatory phenotype, which occurs in synergy with the GM-CSF cell effect [12] . The blockage of HDAC activity has been extensively explored as anti-cancer therapy and also as anti-inflammatory drug in many clinical trials [12, 13, 14] .
In addition to the molecular markers and cytokine secretion profile commonly used to identify macrophage sub-populations, pro-inflammatory M1 macrophages can also be distinguished from M2 macrophages by the classical pancake-like shape of the former [15] . Furthermore, pro-inflammatory M1 macrophages can have their function modulated by changing their shape. For instance, using micropatterning McWorther et al. have shown that macrophage elongation itself is tightly correlated to a shape transition from a pro-inflammatory M1 phenotype into an anti-inflammatory M2 phenotype. How monocyte differentiation is modulated to give rise to specific macrophage subpopulations (M1 or M2) that may either maintain the chronic inflammatory process or lead to wound healing is still unclear.
Considering that HDAC inhibitors have an anti-inflammatory activity, we asked whether this enzyme would play a role in monocyte differentiation into M1 or M2 phenotypes and in the cell shape transition that follows. In this study, we generated BMDMs cultures in the presence of Trichostatin A (TSA), a class I and II HDACi [16] . Here we present evidence, for the first time, that HDAC acts as a modulator of murine macrophage elongation, which is associated to a mixed M1/M2 phenotype. This outcome occurs even under GM-CSF induction and in the absence of lymphocyte stimuli. A better understanding on the mechanisms underlying this functional macrophage modulation is a relevant step towards the development of new treatments for old inflammatory diseases.
Material and Methods Animals
Inbred C57BL/6 male mice of 8-week old were obtained from the colony bred at UFRJ, Brazil. All mice procedures were performed in strict accordance with institutional guidelines. The protocol was approved by the local Institutional Animal Care and Use Committee (IACUC) named Ethics Committee on Animal Use of the Health Sciences Center of the Federal University of Rio de Janeiro, under protocol number 118/14. The animals were euthanized under carbon dioxide chamber and all efforts were made to minimize suffering.
Bone marrow cell cultures
Bone marrow cells were harvested by flushing the femoral cavity with α-MEM (Sigma-Aldrich M0644) containing 5% of fetal bovine serum (FBS) and 100 U/ml penicillin and 100 μg/ml streptomycin (culture medium). After adherence for one hour on plastic substrate, 10 6 cells were plated in 6-well culture plates (Corning) and the cells were exposed to four different medium conditions and were subdivided in respective groups: Culture medium group (cells were cultivated only in culture medium), TSA group (cells were cultured in culture medium plus 10nM of TSA, Sigma T8552), GM-CSF group (cells were cultured in culture medium plus 10ng/ml of GM-CSF, Peprotech 315-03) and TSA+GM-CSF group (cells were cultured in culture medium plus 10ng/ml of GM-CSF and 10nM of TSA). The cells in the supernatant were harvest after 24 and 48 hours for further cells analysis. The quantification was performed using Trypan blue in the Newbauer chamber to monitor cell viability [17] . Morphological analysis was done by centrifuging cells on glass slides in a cytospin and stained with May-Grünwald-Giemsa by Pappenheim technique. To access the adherent cell population present in the cell culture system we have used circular glass cover slips (12-mm diameter) in the bottom of the culture plate to harvest cells in 3 and 6 days of culture. The cells were fixed for 1 hr in formaldehyde vapors, stained as described above and mounted for further morphological analysis.
Flow cytometry analysis of myeloid progenitors cells
Aliquots of non-adherent cells from the experimental groups were harvested and incubated with the Fc blocker antibody, produced by clone 2.4G2 (obtained from the Rio de Janeiro Cell Bank, Inmetro, Rio de Janeiro Brazil), for 10 min before adding specific monoclonal antibodies anti-CD11b (Mac-1)-FITC, Gr-1-PECy5.5 and c-kit-APC (all from BD Bioscience, San Jose, CA, USA) for flow cytometry analysis. One hundred thousand events were acquired in a flow cytometer (FACScalibur, Bioscience) using Cell Quest software and analyzed using WIND 2.9 software.
Immunocytochemistry staining of adherent cells on coverslips
The adherents cells on coverslips were fixed in 4% paraformaldehyde in PBS for 15 min at room temperature (RT), washed three times for 5 minutes with PBS, permeabilized in PBS/Triton X 0,2% for 5 minutes and blocked in PBS 5% BSA for 30 minutes. The Moma-2 antibody was directly conjugated with Alexa-488-conjugated (AbDSerotec USA MCA519A488) [18] . Immunostaining was performed using primary anti-F4/80 (AbD Serotec), arginase 1 (Santa Cruz) or iNOS (Abcam) antibodies in PBS 1% BSA followed by incubation with secondary antibody conjugated to Alexa-488 fluorocrome (Molecular Probes) or 546 fluorochrome (Molecular Probes). Cells were incubated with primary antibodies in PBS containing 1% BSA overnight, at 4°C followed by four washes with PBS for 5 min and incubated with secondary antibodies for 1 h at RT in the dark. After PBS washes, cells were incubated with DAPI for 10 min at RT and the slides were mounted in DAKO paramount and the staining was visualized with Leica TCS SP5 AOBS. Images were handled and treated using Fiji program.
Real time PCR
Supernatant cells derived from 24 and 48 hours cell culture were harvested and mRNA was extracted with TRIzol (Life Technologies), precipitated in ethanol and reversed transcribed using random hexamers. Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) with SYBR green for PU1, GATA1, CEBPα, was performed following the manufacturer's instructions (Applied Biosystems). A PCR from each sample before reverse transcription confirmed the absence of genomic DNA. RNA levels were standardized by parallel qRT-PCR using primers to the housekeeping gene, GAPDH (IDT). Primers for qRT-PCR were as follows:
The quantification of mRNA levels was performed using ΔΔCt method.
Western blot
Cell lysis was done in RIPA buffer solution in the presence of protease inhibitors. The protein samples were separated by electrophoresis on 10% acrylamide gel and blotted to PVDF membrane. The immunoblotting assay blocking step was performed with 5% non-fat dry milk powder in 0.1% PBS Tween and incubated overnight with primary antibody for arginase 1 (Santa Cruz), iNOS (Santa Cruz) antibodies or alpha-tubulin (Sigma). The secondary antibody used was HRP-peroxidase (Life Technologies). The reaction was developed using Luminol (Thermo Scientific) and bands were quantified by Photoshop.
ELISA
Cytokines IL-1β, IL-10, IL-12p70 and TNF-α, as well as chemokines CCL1, CCL17 and CXCL-13 were evaluated in culture supernatants by a sandwich ELISA, using pairs of specific mAbs, one of which was labeled with biotin (all from R&D Systems, except for TNF-α reagents from eBioscience). Reactions were developed with alkaline phosphatase-streptavidin (Invitrogen Life Technologies, Carlsbad, CA, USA) and ρ-nitrophenylphosphate substrate (SigmaAldrich), according to manufacturer's instruction.
Nitric Oxide
Supernatants were mixed with an equal volume of Griess reagent to determine nitrite content, as described [19] .
Statistical Analysis
GraphPad Prism (v6.0, La Jolla, CA) was used for unpaired Student's t-test or two-way ANOVA analysis where appropriate. If the ANOVA produced a significant result, post hoc pair-wise comparisons were tested for significance in which the P value was adjusted (P adj < 0.05) by the Sidak method for multiple comparisons among the individual groups. Results are presented as mean±SD and statistical significance was defined as P<0.05.
Results and Discussion

Pharmacological knockdown of HDAC affects myeloid cell differentiation
Using flow cytometry, we observed, as expected, a decrease in immature cells CD11b low Gr-1 high (R2) in 24 h, under treatment with GM-CSF, when compared to the untreated culture medium group ( Fig 1A, 1C and 1E; S1 Fig) . This result confirms that GM-CSF acts on the progenitor cells driving them into the myeloid differentiation pathway as we observed a shift from R2 to R3 (increased levels of CD11b). At the same time, a cell population characterized as CD11b low Gr-1 low (R4) was observed in the TSA+ GM-CSF group (Fig 1D and 1E ). This result was confirmed by the morphological aspects of GM-CSF treated cells that presented a segmented nucleus (Fig C arrowheads in S1 Fig) . In contrast, TSA+GM-CSF group presented large progenitor cells, which may represent CD11b low Gr-1 low phenotype (Fig D arrows in S1 Fig) .
In 48 h, we observed an increase in the CD11b high Gr-1 high (R3) population in the GM-CSF group, which are more mature cells than CD11b low Gr-1 high (R2), when compared to the untreated culture medium group (Fig 1F, 1H and 1J; S1E and S1G Fig) . In contrast, in the TSA+GM-CSF group, the cell population characterized as CD11b low Gr-1 low (R4) increased, meaning that the predominance of progenitors, already seen at 24 h of culture, still remained at 48 h (Fig 1H, 1I and 1J; S1D and S1H Fig) . We conclude that GM-CSF treatment induced macrophage-like cell development (Fig G arrowheads in S1 Fig) and TSA+GM-CSF treatment favored progenitor-like myeloid cells (Fig H arrowheads in S1 Fig) .
In agreement, we observed an increase in the percentage of c-Kit positive cells in the TSA +GM-CSF group, corroborating the role of TSA in the amplification of myeloid progenitors (Fig 2D and 2E) . This increase in the percentage of c-Kit + cells was followed by a significant decrease of PU.1 expression, if compared to expression levels observed in the GM-CSF group (Fig 2F) . In addition, we also noticed the presence of clusters and colonies in the supernatant of the TSA+GM-CSF group observed in 5 days of culture, supporting the idea of an expansion of myeloid precursors (S2 Fig). Our findings indicate that the pharmacological knockdown of HDAC greatly interferes with myeloid differentiation, even though GM-CSF was added to the culture. Pharmacological knockdown of HDAC leads to a shape transition from the typical macrophage pancake shape into an elongated morphology
To evaluate the long-term pharmacological knockdown consequences of HDAC on monocyte lineage differentiation, we monitored the cultures for 11 days. We observed that the adherent cells in the TSA+GM-CSF group presented an atypical elongated morphology (Fig 3B and 3D) , as demonstrated by the elongation index (Fig 3E) and increased cell area (Fig 3F) . On the other hand, the monocytes stimulated by GM-CSF adhered on glass and showed a predominant and typical pancake-like shape of pro-inflammatory macrophages (Fig 3A and 3C) . These results indicate that HDAC plays a role on the morphology of bone marrow monocyte lineage.
The atypical elongated morphology of macrophages is related to a mixed M2/M1 phenotype Next, we investigated whether HDAC would work as a link between macrophage cell shape and an M1 or M2 phenotype profile. In the GM-CSF group we observed that the macrophages presenting the typical pancake-like shape were positive for both macrophage F4/80 and Moma-2, two pan-macrophage markers (Fig 4A, 4C, 4E and 4G; S3 Fig) . However, macrophages presenting the atypical very elongated cell shape had both macrophage markers F4/80 and Moma-2 down regulated (Fig 4B, 4D, 4F and 4H; S3 Fig) . This result indicates that HDAC pharmacological knockdown is related to a number of changes observed in these cells, from their shape to their expression pattern.
Considering that cells in the TSA+GM-CSF have a mixed morphology, including pancakeshape and atypical elongated cells, we asked whether this heterogeneous population present a bias towards M1 or M2 phenotype or a mixed M1/M2 phenotype. We found that pancakeshape GM-CSF cells were immunopositive for iNOS (Fig 4I and 4K ) and arginase 1 (Fig 4M  and 4O ). While the former is a marker for M1 macrophage, the latter is a marker for M2. Interestingly, only elongated TSA+GM-CSF cells were immunopositive for iNOS (Fig 4J and 4L) and arginase 1 while the remaining pancake-shape macrophages did not stain for arginase 1 (Fig 4N and 4P) . Protein quantification by western blot corroborates these findings showing that global levels of arginase 1 protein decreased in the TSA+GM-CSF group while iNOS levels remained stable (S4 Fig). These results, present evidence, for the first time, that HDAC acts as a regulator of macrophage differentiation as well as a modulator of macrophage elongation. This atypical elongated phenotype is correlated to a mixed M1/M2 phenotype. This outcome occurs even under GM-CSF induction indicating that the blockage of HDAC activity keeps the macrophage plasticity.
HDAC activity blockage leads to a mixed M1/M2 profile of cytokine and chemokine secretion
To better understand the role of HDAC activity on macrophage function we analyzed the cytokines and chemokines secreted by macrophages from GM-CSF and TSA+GM-CSF groups. ELISA assay showed a mixed profile of M1 and M2 cytokines and chemokines secretion in the Inhibition of HDAC activity alters the phenotype of macrophages generated after 11 days of culture. (A-H) Immunocitochemistry of activated-macrophage markers, F4/80 and Moma-2. Pancake-like shape macrophages generated in the GM-CSF group are immunopositive for F4/80 (A and C) and Moma-2 (E and G). In the atypical elongated macrophages generated in the TSA + GM-CSF, the F4/80 and Moma-2 are down regulated (B, D, F and H-arrow). (I-P) Immunocitochemistry of M1 macrophage marker iNOS, and M2 macrophage marker, arginase 1. In the GM-CSF group, macrophages with pancake-like shape are immunopositive for iNOS (I and K) and for arginase 1 (M and O). The atypical elongated macrophage generated in the TSA + GM-CSF group are immunopositive for iNOS (J and L-arrow) and for arginase 1 (N and P-asterisk). Arginase 1 correlates to round cells in the GM-CSF group (M and O, asterisk) while in the TSA + GM-CSF group, the arginase 1 is associated only to elongated macrophages (N and P-asterisk).
doi:10.1371/journal.pone.0132984.g004 GM-CSF group (Fig 5) . In the TSA+GM-CSF group both M1 (NO, IL-1β, IL-12, TNF-α) and M2 functional markers (CCL1 and CCL17) were upregulated in the absence of further lymphocyte stimuli. Strikingly, the M2 marker CCL17, but not IL-10, was markedly increased upon treatment with TSA (Fig 5) . Therefore, macrophage differentiation driven by GM-CSF can be modulated by HDAC activity blockage in order to keep phenotypic and functional plasticity represented by a mixed M2/M1 population by interfering with the terminal monocyte differentiation towards a pro-inflammatory phenotype.
Previous work showed that HDAC inhibition does not affect bone marrow macrophage terminal differentiation [20] . However, the populations of myeloid progenitors were not evaluated in the aforementioned study. In contrast, in our study we chose to use GM-CSF in order to expand a broader range of myeloid progenitors. Additionally, GM-CSF would drive M1 macrophage differentiation [21] . Indeed, there is an expansion of the myeloid precursors in cultures treated with TSA plus GM-CSF, (Figs 1 and 2 ), indicating that HDAC activity is required for maintaining the physiological status and timing necessary to allow macrophage progenitors to differentiate into the M1 phenotype. HDAC activity is also necessary to keep high levels of Pu.1 mRNA expression, than in turn, maintain the physiological levels of GM-CSF receptors on the cell surface, as previously described [22] . This supports the hypothesis that Pu.1, a key gene in macrophage differentiation, is an important HDAC target. Our results agree with previous studies showing a role for PU.1 in the expression of activated-macrophage markers, as well as their function in the inflammatory process [23] .
These atypical elongated cells generated in the presence of TSA were positive for iNOs and arginase 1, while F4/80 and Moma-2, two pan-markers of macrophages, showed a weak staining if compared to that observed in the pancake-shape phenotype (Fig 4) . This is in agreement with ELISA assay that showed a positive regulation of M1 (NO, IL-1β, IL-12, TNF-α) and M2 (CCL1 and CCL17) functional markers in the TSA+GM-CSF group, indicating lack of polarization. Therefore, our system supports the idea that the heterogeneity of M2/M1 is due, at least in part, to a mixed polarization of single cells. The results here presented strongly indicate the existence of an intrinsic plasticity of the myeloid progenitor uncovered by HDAC blockage.
Previous results published by [13, 24] describe the requirement of HDAC3 for inflammatory gene expression program in macrophages, indicating that HDAC3 might be the main player in our system. However, it is important to keep in mind that other HDACs may have a role in our system. Indeed, Kittan et al have shown that depending on the cytokines added to cultures of blood monocytes, different HDACs are expressed (HDAC2, 5 and 9) [21] .
McWhorter et al., 2013 have shown that macrophage cell shape is a critical landmark for M1/M2 phenotypes [15] . In this elegant study, the authors submitted macrophages to a mechanical force and demonstrated that elongation itself led to the expression of M2 markers, even when IL4 was absent. Our study is the first showing that macrophage shape transition is one of the outcomes observed when HDAC activity is blocked. Our study agrees with the findings of McWhorter et al., as we observed atypical elongated macrophages, even in the absence of TH2 cytokine stimuli. However, while McWhorter et al., 2013 achieved the elongated phenotype by applying an external mechanical force on already differentiated macrophages, we explored an intrinsic mechanism controlling macrophage differentiation that leads to an elongated atypical morphology which correlates to a mixed M1/M2 functional phenotype.
Conclusions
We conclude that the pharmacological knockdown of HDAC greatly interferes with myeloid differentiation, even though GM-CSF was added to the culture. HDAC activity blockage led to the amplification of myeloid progenitors, that upon terminal differentiation driven by GM-CSF, displayed an elongated morphology and retained functional and phenotypical plasticity. In accordance, we propose that macrophages derived from bone marrow progenitors under HDAC activity blockage can develop mixed M1/M2 phenotypes. Considering these findings, future studies are needed to evaluate the therapeutical potential of HDAC inhibition on the modulation of long lasting pathological conditions such as chronic inflammatory diseases (arthritis and Crohn's disease) and in cancer therapies [25, 26] .
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